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Previewsor excesses of Zn2+? Apparently different
natural environments have varying Zn2+
concentrations. Another possibility is
that sensing Zn2+ may be important in-
side animal bodies, where available
Zn2+ levels differ by several orders of
magnitude. Furthermore, starving mi-
crobes for Zn2+ and poisoning them by
the excess of Zn2+ are both known stra-
tegies employed by animal systems to
fight microbial infections (Hood and
Skaar, 2012).
Light, oxygen, NO, protein phosphory-
lation, and now Zn2+ has been added to
the growing number of signals regulating
DGCs. Along with the growing knowledge
of signals affecting DGCs, our under-
standing of how bacteria adjust their life-
styles to diverse environments and how
we can manipulate these environments
to control bacteria grows. The structural
insights from this work reinforce the
impression from earlier structural studies
(Paul et al., 2007; De et al., 2009) that
proper positioning of two rigid GGDEF
domains in a homodimer is necessary
and sufficient for sparking DGC activity.
A direct consequence of this realization1068 Structure 21, July 2, 2013 ª2013 Elseviis that GGDEF domains in most (if not
all) DGCs may be replaced with heterolo-
gous GGDEF domains with stronger or
weaker activities; thus, one may be able
to engineer DGCs with varying potencies
to be regulated by desired signals.
Another corollary is that sensing modules
controlling mutual positioning of the
GGDEF monomers may be employed to
regulate heterologous protein domains if
homodimerization of these domains is
sufficient for activation, a feat recently
accomplished by replacing a GGDEF
domain with an adenylate cyclase domain
(Gomelsky and Ryu, 2012).
Lastly, it is with great sadness that one
realizes that we may no longer enjoy
beautiful pieces of work like this study to
be authored by the senior author, Alex
Boehm, because his scientific career has
been abruptly brought to a halt by an
aggressive cancer (Boos et al., 2013).REFERENCES
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Ubiquitin chains can have distinct signaling outcomes, depending on their conjugation point. In this issue of
Structure, Castan˜eda and colleagues describe a new structure of K11 diubiquitin and investigate its recog-
nition by effectors to target substrates to the proteasome.Protein ubiquitination is an essential post-
translational modification that is integral
to many cellular processes, including pro-
tein stability, localization, cell signaling,
and cell cycle regulation (Hershko and
Ciechanover, 1998). Ubiquitination mini-
mally consists of a single ubiquitin linked
to an accessible lysine on a target protein
via a C-terminal isopeptide bond. How-
ever, ubiquitin can also form chains on
target proteins through self-conjugation
on any of its seven lysine residues orits N-terminus (Komander and Rape,
2012). These polyubiquitin chains may
contain homotypic or heterotypic link-
ages, implying a vast potential of informa-
tion content for cellular signaling.
Several studies in recent years have
demonstrated that each ubiquitin linkage
type encodes a different chain struc-
ture. K48-linked polyubiquitin forms a
compact structure stabilized by an exten-
sive hydrophobic interaction surface
centered around Ile44, a major interactionmotif for ubiquitin binding proteins
(Komander and Rape, 2012). A distinct
compact conformationwas also observed
in multiple structures of K6 diubiquitin
(Hospenthal et al., 2013; Virdee et al.,
2010). In contrast, there are no inter-
ubiquitin interaction surfaces observed in
K63-linked or linear chains, which form
extended conformations (Komander and
Rape, 2012). Each distinct chain confor-
mation exposes different surfaces to ubiq-
uitin binding partners, which in turn confer
Figure 1. Ubiquitin Chains with Distinct Linkages Adopt Distinct Structures, Enabling
Recognition by Varied Adaptors and Differential Signaling
Linear and K63-linked ubiquitin dimers are relatively open, while K48-linked dimers are relatively closed. A
new solution structure of the K11-linked dimer also reveals a closed orientation, but one distinct from that
observed for K48 chains. While K11 chain conjugation targets substrates to the proteasome during
mitosis, the chains themselves do not tightly bind the hHR23a proteasome shuttle, raising the question
of whether a specialized adaptor exists for K11 chains. Two prior crystal structures of K11 dimers are
shown as transparent ribbons, highlighting differences in the new structure. Distal ubiquitin moieties
are colored blue and identically oriented between all linkages, while proximal ubiquitins are colored
orange. Protein Data Bank codes (e.g., 2W9N) associated with each structure are listed.
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Previewsspecific and unique functions within
cellular signaling pathways (Figure 1). For
instance, K48-linked ubiquitination is
directly involved in proteasome-mediated
degradation, whereas K63 chains act in
various nondegradative cellular signaling
pathways (Hershko and Ciechanover,
1998).
K11 linkages, which can be synthesized
by the Anaphase-Promoting Complex,
have gained much attention for their role
in regulating mammalian cell division
by targeting cell cycle proteins for
degradation (Bremm and Komander,
2011; Wickliffe et al., 2011). Two recent
crystal structures of K11 diubiquitin
(K112) suggested it could adopt novel
conformations, but higher-order crystal
packing complicated a unique interpreta-
tion (Bremm and Komander, 2011;
Bremm et al., 2010; Matsumoto et al.,
2010). In this issue of Structure, Casta-
n˜eda et al. (2013) describe a detailed
and elegant structural study of K11-
linked chains in solution and provide
insights as to how this chain type
might be recognized and targeted to the
proteasome.
Using TROSY-HSQC NMR, the authors
probe the intersubunit interfaces of K112
in solution and find a novel dimer inter-
action involving the canonical Ile44
hydrophobic surface residues. Although
located in a similar region, this surface is
distinct from the extensive hydrophobic
interface observed for the compact K48structures. Surprisingly, the K112 solution
data disagree with both of the previous
crystal structures (Figure 1), where
Ile44 was exposed to solvent. Impor-
tantly, the authors show that their
observed dimer interface is recapitulated
without additional contacts in the context
of K11 tri-ubiquitin, leading them to
conclude that a dimer is the minimal
structural unit necessary to understand
the properties of K11-linked chains. This
result further indicates that higher-order
structures of K11-linked chains do not
predominate in solution, and thus may
not be relevant for their recognition by
effectors.
Having established a potentially novel
interface for the K11 dimer, the authors
proceeded to solve the solution structure
of K112 using three independent NMR
techniques: (1) residual dipolar coupling
to characterize the relative orientation of
each ubiquitin monomer; (2) 15N relaxa-
tion dispersion to characterize molecular
tumbling and cross-validate relative
orientations; and (3) site-directed spin
labeling to generate distance constraints
for even further validation. Each of these
methods probes independent physical
phenomena, allowing the authors to
robustly validate the K112 solution struc-
ture. As implied by the TROSY-HSQC
data, this new K112 structure shows a
unique interaction surface involving
Ile44, engendered by a conformation
distinct from previous crystal structuresStructure 21, July 2, 2013 ªof K112 and K48. Physiological concen-
trations of salt promote compaction of
this conformation via an increase of the
hydrophobic interface, suggesting this
chain type may exist in a conformational
equilibrium.
Indeed, while theNMR techniques used
result in a single structure of K112, they
can also report on the existence of minor
states arising from conformational dy-
namics. The authors show that popula-
tion-weighted averages of two previous
crystal structures do not reproduce the
NMR measurements, nor do combina-
tions of the NMR structure with the crystal
structures. However, while this indicates
that the NMR structure predominates in
solution, not all of the data is captured
by this single conformation, implying the
existence of additional minor states.
Hence, a conformational equilibrium
could provide an additional layer of regu-
lation in the recognition and processing of
K11-linked chains.
If K11- and K48-linked chains have
different structures, how are both used
to target proteins for proteasomal
degradation? As an initial approach to
answer this question, Castan˜eda et al.
(2013) used NMR titration experiments
to measure the affinity and binding mode
of K112 with several Ub-associated do-
mains (UBAs). The authors showed that
K112 does not strongly interact with the
UBA of Rap80, a K63-preferring adaptor,
highlighting how ubiquitin-binding mod-
ules can discriminate between struc-
turally dissimilar chains. K112 does
engage two proteasome-shuttle UBAs,
ubiquilin-1 and hHR23a, which are
respectively linkage-nonspecific and
K48-preferring. While the hHR23a inter-
action occurs with a binding mode very
similar to that observed for K48-linked
chains, the affinity is substantially lower.
The authors therefore speculate the exis-
tence of an undiscovered high affinity
proteasomal adaptor for K11-linked
chains or a mechanism to retain these
chains at the proteasome, either of which
could ensure the efficient degradation of
K11-tagged substrates during mitosis.
It is impressive to consider the diversity
of effector recognition and downstream
signaling that can be achieved by simply
linking two small, identical proteins to
each other at eight different points. The
work by Castan˜eda, et al. (2013) under-
scores the importance of a detailed2013 Elsevier Ltd All rights reserved 1069
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Previewsexamination of the conformation and
dynamics of ubiquitin chains. The current
trend of linkage type driving specific con-
formations and differential recognition
implies an incredibly rich signaling land-
scape, especially when one considers
mixed chains that contain more than one
linkage type. Do these mixed chains
send mixed signals (Nakasone et al.,
2013), or could specific adaptors recog-
nize unique conformations of mixed
chains? What signal is sent by a substrate
tagged with multiple homotypic or hetero-
typic chains? Are there adapters that
simultaneously recognize multiple chain
types? Future work to decode the incred-
ible information content stored in ubiquitin1070 Structure 21, July 2, 2013 ª2013 Elsevichains and translate the relationship
between chain type and downstream
response should shed light on an
emerging and important aspect of cellular
regulation.REFERENCES
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Oxysterol binding protein (OSBP) and many of its homologs transfer sterol in vitro, but in vivo, they are not
major sterol transporters. In this issue of Structure, Tong and colleagues find that the yeast OSBP homolog,
Osh3, binds PI(4)P but not sterol, supporting the view that PI(4)P regulation, not sterol transport, is the key
activity for OSBP homologs.Oxysterol binding protein (OSBP) was
discovered 25 years ago because its
carboxy-terminal OSBP-related protein
(ORP) domain (ORD) binds oxysterols.
Families of OSBP homologs (Osh1–7 in
yeast) containing highly related ORDs
are found in all eukaryotes, but their
cellular function remains enigmatic. Crys-
tallographic studies of yeast Osh4
revealed that it binds a single sterol in an
internal cavity closed by a lid (Im et al.,
2005), and in vitro assays showed that
OSBP, Osh4, and many other OSBP
homologs move sterols between popula-
tions of vesicles. This suggested that
OSBPs might be the long-sought intracel-
lular sterol transfer proteins needed
to facilitate non-vesicular transport of
sterols between membranes.
Significantly, this hypothesis failed; the
bidirectional flow of sterol between theER and PM was unaffected in a strain of
yeast lacking all seven Osh proteins
(Georgiev et al., 2011), indicating that
OSBPs are not responsible for bulk intra-
cellular sterol transport. These results left
a large question mark over the field: what
is the true function of this protein family?
Interaction with another lipid had been
known for a long time; PI(4,5)P2 binds to
polybasic patches on the outside surface
of ORDs as well as to PH domains en-
coded as accessory domains in long
OSBP homologs, most obviously to
achieve targeting to membranes such as
the PM or trans-Golgi network (TGN).
The OSBP-phosphoinositide interaction
generated further interest when PIPs in
an acceptor membrane were found to
alter the ability of Osh4 to take up sterol
from a donor (Schulz et al., 2009). This
was explained in detail with a further crys-tal structure of Osh4 that, unexpectedly,
contained PI(4)P inside the binding cavity,
where it competed for sterol because the
binding sites partially overlapped (de
Saint-Jean et al., 2011). This dual speci-
ficity could mean that Osh4 traffics sterol
and PI(4)P in opposite directions,
driven possibly by a phosphatidylinositol
phosphorylation cycle powered by PI
4-kinases on PM/TGN and the Sac1 PIP
4-phosphatase on the ER, which is linked
to OSBP homologs both directly and indi-
rectly (Forrest et al., 2013, Stefan et al.,
2011). As noted above, this trafficking itin-
erary would not move the bulk of sterol to
PM/TGN. The focus on phosphoinositides
is further justified by the observation that
an Osh4 variant (Y97F), which is unable
to bind sterol, nevertheless exhibits a
gain of function and enhanced effects on
PI(4)P turnover (Alfaro et al., 2011).
